Leucocytes in the blood of mammals form a powerful protective system against a wide range of dangerous pathogens. There are several types of immune cells that has specific role in the whole immune system. The number and type of immune cells alter in the disease state and identifying the type of immune cell provides information about a person's state of health. There are several immune cell subsets that are essentially morphologically identical and require external labeling to enable discrimination. Here we demonstrate the feasibility of using Wavelength Modulated Raman Spectroscopy (WMRS) with suitable machine learning algorithms as a label-free method to distinguish between different closely lying immune cell subset. Principal Component Analysis (PCA) was performed on WMRS data from single cells, obtained using confocal Raman microscopy for feature reduction, followed by Support Vector Machine (SVM) for binary discrimination of various cell subset, which yielded an accuracy >85%. The method was successful in discriminating between untouched and unfixed purified populations of CD4+CD3+ and CD8+CD3+ T lymphocyte subsets, and CD56+CD3-natural killer cells with a high degree of specificity. It was also proved sensitive enough to identify unique Raman signatures that allow clear discrimination between dendritic cell subsets, comprising CD303+CD45+ plasmacytoid and CD1c+CD141+ myeloid dendritic cells. The results of this study clearly show that WMRS is highly sensitive and can distinguish between cell types that are morphologically identical.
INTRODUCTION
Blood is an important body fluid which plays the key role of carrying nutrients and waste to and from different parts of the body. Blood cells can be broadly classified within three main categories, the red blood cells (erythrocytes), white blood cells (leukocytes) and the platelets (thrombocytes) as shown in Figure 1 . Among these corpuscular elements, the leukocytes play the role of immune system of the body defending against infectious diseases and foreign materials. The leukocytes can be broadly sub classified into granulocytes (polymorphonuclear leukocytes) and agranulocytes (mononuclear leukocytes) based on the granule content of the immune cells. The granules in the granulocytes are predominantly lysozymes.
Based on the difference in the staining properties on the granules, the granulocytes are classified into neutrophils, basnophils and eosinophils. Neutophils defend against microbial infections, while the basnophils deal with parasitic infections such as allergic reactions. Basnophils play a major role in antigen response where they release histamine causing vasodilation. Agranulocytes contain lysosomes in their cytoplasm and all basically classified into lymphocytes, monocytes and macrophages. Lymphocytes are predominantly found in the lymphatic system, these cells are characterised by eccentric nucleus with small amount of cytoplasm. The lymphocytes are basically classified into three, the T cells, B cells and the natural killer (NK) cells. B cells belong to the humoral branch of the adaptive immune system. B cells have certain proteins on their outer surface known as B cell receptors (BCR), which allow these cells to attach to a specific antigen. The vital role of the B cells are to act as antigen presenting cells (APC), where they make antibodies against antigens and develop into memory B cells following activation by the antibody-antigen interaction. Monocytes, the next class of agraunolcytes, present pieces of pathogens for the T cells to recognise and kill the pathogens. Monocytes eventually leave the blood stream into the body tissues and differentiate into macrophages. Macrophages are part of both innate and adaptive immune system; they play an important role in phagocytosis of the cellular debris and pathogens along with stimulating immune cells to respond towards pathogens.
Another important class of immune cells are the Dendritic cells (DCs). DCs are antigen presenting cells that act as a messenger between the innate and adaptive immune system. The study of these immune cell subsets is an active area of research in the field of immunology since the exact origin; development and function of these cells are marginally understood at the moment. This is mainly because they are rare and hence difficult to isolate. However, broadly the DCs in the blood stream can be classified into myeloid DCs and plasmacytoid DCs.
The coordinated activities of these cells in the mammalian adaptive and innate immune system provide powerful protection against a wide range of potentially harmful pathogens. The numbers and type of immune cells alter in the diseased state, which makes it important to identify and distinguish different immune cell subsets present in blood. Currently this is realised using a variety of staining techniques for morphology, or staining with labelled antibodies for analysis by flow cytometry or fluorescence microscopy. These active methods often result in the destruction or potential alteration of cell behaviour. Hence the development of a reliable, label-free and passive method to identify immune cell subsets would be a highly useful tool in both the clinical and research environment.
In combination with appropriate statistical techniques, Raman spectroscopic tool has proved sensitive enough to distinguish between different types of cells and tissues [1] . Also, the fact that Raman spectroscopy allows label-free identification of the cells with minimal sample preparation helps maintaining the integrity and function of the cells intact. Hence Raman spectroscopy can be a sensitive tool for the identification and discrimination of immune cell subsets.
Raman spectroscopy has previously been used as a tool to study the dynamics of immunological cells [2, 3] . A recent study demonstrated that Raman spectroscopy is capable of discriminating between lymphocytes and neutrophils [4] . As can be seen from Figure 1 , lymphocytes and neutrophils belong to completely different categories of immune cells based on the presence of granules in their cell body. As such these immune cell sub-categories of leukocytes differ significantly in their morphology and chemical composition.
The formidable challenge would be to identify the variety of subsets within lymphocytes that are known to exist. These immune cell subsets are morphologically similar. The conventional method of discriminating them involves fluorescence tagging followed by flow cytometry. This process is time consuming and is known to alter the cell behaviour. The external tagging can activate/deactivate the cell from its original state. Hence it is critical to develop a technique that can discriminate between these closely related cells without the need for any external tagging. This would require highly sensitive chemical fingerprinting to discriminate between such closely related cells. Here, Wavelength Modulated Raman Spectroscopy (WMRS) [5] [6] [7] [8] is used to discriminate between different immunological cell types that are essentially indistinguishable morphologically. Further, the resultant differential Raman spectra were classified using a robust statistical classification algorithm based upon Principal Component Analysis (PCA) for feature selection and Support Vector Machine (SVM) for classification. WMRS was used to achieve highly sensitive discrimination between various sub-classes of lymphocytes including the two main classes of T lymphocytes (CD4+ versus CD8+), and the closely related CD56+ natural killer cell population. The technique was also used to demonstrates a much more challenging problem where WMRS is used to discriminate between two of the main categories of antigen-presenting and immune-regulating dendritic cells (DC) detected in the blood in the form of plasmacytoid (lymphoid) and myeloid DC [9, 10] .
METHODOLOGY FOR THE LABEL-FREE FINGERPRINTING OF IMMUNE CELLS

Preparation of cells for performing Raman spectroscopy
Blood was taken after informed written consent, from a healthy male donor, with the approval of the University of St Andrews Teaching and Research Ethical Committee (UTREC). PBMC were isolated by centrifugation over Histopaque (Sigma, Poole, UK) and cells washed twice with 1 x PBS/0.1% BSA. Specific leukocyte subtypes were isolated using Dynabeads® Untouched™ Human CD4 T Cell Kit (depleting antibodies: anti-CD8, CD14, CD16a, CD16b, CD19, CD36, CD56, CD123 and CD235a) / Dynabeads® Untouched™ Human CD8 T cell kit (depleting antibodies: anti-CD4, CD14, CD16a, CD16b, CD19, CD36, CD56, CD123 and CD235a)/ Dynabeads® Untouched™ Human NK cell kit (depleting antibodies: anti-CD3, CD14, CD36, HLA Class II, CD123 and CD235a) (Life Technologies, Paisley, UK). Dendritic cells were isolated using MACS plasmacytoid dendritic cell isolation kit II and MACS myeloid dendritic cell isolation kit (Miltenyi Biotec, Bisley, UK).
The samples for the confocal Raman spectroscopic experiment were prepared using a pair of quartz slides (SPi Supplies, UK). A quartz slide whose dimensions are 25.4 mm x 25.4 mm, 1 mm thick, acted as the base on top of which a chamber well was prepared by pasting a vinyl spacer of 80 µm thickness. 20 µl of the cell sample in PBS was loaded into the well formed by the vinyl chamber. Another quartz slide of dimension 25.4 mm x 25.4 mm, 0.15 mm to 0.18 mm thick was used to seal this chamber. The sample was then allowed to sediment on the thicker slide for about 30 min. The slide was placed on the confocal microscope with the thinner slide at the bottom, closer to the objective.
Performing WMRS using a confocal Raman microscope
A home built confocal Raman system was used to chemically fingerprint the immune cells. The system was equipped with a 785 nm tunable diode laser for Raman excitation. For detection, the system was equipped with a monochromator with a 400 lines/mm grating, blazed at 850 nm and a deep depletion, back illuminated and thermoelectrically cooled CCD camera. The laser was focused through a 50x objective (Nikon, NA 0.9) onto the sample, with the power at the sample plane being 150 mW. By continuously acquiring Raman spectra with 5 s single acquisition time for 5 minutes, it was confirmed that the power we used does not cause any disruption to the cells.
A series of Raman spectra at different wavelengths were recorded to obtain WMRS spectra from a cell. This was achieved by recording five Raman spectra at equidistant excitation wavelengths amounting to a total modulation range of Δλ=0.32 nm. Each spectrum for this experiment was acquired with a single acquisition time of 5 s. 
Processing the WMRS data
The data processing was performed using Matlab 2012b. Each set of acquired spectra from a single cell was normalised for area under the curve to compensate for the power fluctuation of the laser during wavelength modulation and PCA was performed on the dataset, considering each wavelength step as a parameter, resulting in the modulated Raman spectrum. The modulated Raman spectrum is devoid of the luminescence background and the zero crossing points of the differential Raman spectra give the peak position.
A training dataset was created from all the WMRS spectra recorded from immune cells. To achieve feature reduction on the obtained set of modulated Raman spectra, PCA was applied to the dataset, where wavenumbers were considered as parameters. The first 7 PCs were selected as it accounted for 98% variance in the dataset. The ability of this training dataset to distinguish between different cell subset was assessed using binary classification based on SVM. A 'linear' kernel was used for SVM based binary classification. The accuracy of the classifier was estimated using LOOCV.
Flow-cytometry characterization of immune cell subsets
In this study, the negative depletion of peripheral blood mononuclear cells (PBMC) with monoclonal antibodies was used to obtain the untouched populations of lymphocytes and dendritic cells. The reasoning behind this is that the labelling of the target populations of cells with antibodies may add artefacts in the Raman signature, or alternatively may lead to alterations, such as partial activation of the cells under study. The purified lymphocyte subsets were characterised by flow cytometry and also tested for activities corresponding with their phenotype [10] .
Thus CD4+CD3+ T lymphocytes were obtained with 96 % purity (Figure 2a ). CD8+CD3+ T lymphocytes were obtained at 77% purity (Figure 2b ). CD56+CD3-natural killer (NK) cells (the majority of NK cells normally possess a CD56 low phenotype in healthy individuals) were obtained at 80% purity (Figure 2c . CD303+CD45+ plasmacytoid (also known as lymphoid) DCs were obtained at 93% purity and CD1c+CD141+ myeloid DC were obtained at 78% purity (Figure 2d and e) [10] . 
LABEL-FREE FINGERPRINTING OF LYMPHOCYTE CELL SUBSETS
As shown in Figure 1 , the lymphocytes are mononuclear cells, which can be broadly classified into three subsets, T cells, B cells, and NK cells. As the natural process of T lymphocyte maturation occurs in the thymus precursor thymocytes begin to form two distinct populations. These precursor thymocyte populations are responsible for the expression of CD4 and CD8 antigens, which are formed in conjunction with the CD3 complex, and the formation of a T cell receptor. [11] . CD4+CD3+ T cells, also known as helper T cells (Th), recognise antigens presented on major histocompatibility complex (MHC) class II molecules, and usually function by the secretion of multiple types of cytokines [12] . CD8+CD3-T cells form the cytotoxic T cell population, which recognise antigens presented on MHC class I molecules and represent the main anti-viral cell population in the adaptive immune system [13] . CD56+CD3-NK cells are also lymphoid in origin, and are also key innate anti-viral cells, often responding to the frequent down modulation of MHC class I molecules on virally infected cells [14] . Discrimination of the cell subsets within the lymphocytes, which are morphologically similar, was demonstrated using three cell subsets such as CD4+CD3+ T cells, CD8+CD3+ T cells and CD56+CD3+/-NK cells. It should be noted here that CD4+CD3+ T cells and CD8+CD3+ T belong to the same subcategory of lymphocytes (T cells). The entire single cell Raman measurements were performed on a confocal Raman system based arranged with an inverted microscope to obtain Raman signatures from the immune cell subsets. WMRS was used to suppress the contribution of the fluorescence background in the Raman signature, resulting in differential Raman spectra being obtained [15] . The Raman signal was recorded from each of the isolated immune cell subsets with an acquisition time of 25 s for an individual cell. Raman spectra were collected for 40 to 60 cells per each cell subset. A comparison of the spectra collected from each of the lymphocyte cell subsets are shown in Figure 3 . The spectra shown are the average spectra obtained for each cell subset. The differential Raman bands which are significantly different between the cell subsets are highlighted with vertical bars, which was estimated using student's T test with a significance level of p<10 -7 .
A training dataset was formed for the identification of different cell subsets from the obtained Raman spectra. PCA was applied to the dataset and the first seven PCS were selected to achieve feature reduction of the training dataset. Figure 3 shows the first two PCs of each cell subset. It can be seen that each cell subset forms its own cluster, proving that there are distinct Raman fingerprints, which can be used to identify each cell subset. The discrimination efficiency of the dataset using the first 7 PCs has been verified through leave one out cross validation where support vector machine (SVM) with a 'linear' kernel was used for classifying each data point. The accuracy of the classifier for discriminating between a pair of cell subsets is shown in Figure 3 . The discrimination of NK cells from CD8+CD3+ and CD4+CD3+ cells yielded an accuracy of 90% and 91% respectively. Also discrimination between CD8+CD3+ and CD4+CD3+, which are within the T cell subcategory, was obtained with 86% accuracy [10] .
LABEL-FREE DISCRIMINATION OF DENDRITIC CELLS
This section addresses a more challenging problem where the two main categories of the DCs -pDC and mDC were discriminated. DCs, which are rare in normal blood circulation, are commonly split into myeloid and lymphoid populations. Both of which develop from a common CD34+ haematopoietic progenitor lineage and express a range of different markers when resident in tissues, and are key antigen presenting and immunoregulatory cells that influence the outcomes of infections and autoimmune diseases [16] .
The same method as described in previous section was followed for the discrimination of the DCs and it was found that these cells could be successfully classified with an accuracy of 90 % [10, [17] [18] [19] . 
CONCLUSION
This study demonstrates the potential application of WMRS to purified immune cells to accurately identify specific cell subsets. The purification method, specifically chosen for this study generated untouched and unfixed cell populations for analysis. This allowed defining non-activated homogeneous populations, since the significant alterations associated with cell activation have been noted. Future studies with WMRS, incorporating multiple activated and non-activated cell populations will permit live in vivo monitoring of cell cultures undergoing cell-cell interactions during on-going immune responses. Furthermore, by using positively selected cell populations based on antibodies conjugated to beads or fluorochromes, and directly comparing these to untouched cells, a full library of defined immune cells will be possible. This ability to positively select cells will also allow us to probe further subsets of cells within those presented here. For example within the CD4+CD3+ T lymphocyte population, the ability to distinguish Th1, Th2 and Th17 cells would be of great significance in both health and disease, and may be achieved by combining WMRS with Raman-tweezing and single cell RT-PCR cytokine profiling [20] .
The cells analysed in this study are essentially similar in their morphology when in the bloodstream, and would normally require external labelling when using conventional detection methodologies. The results presented in this study clearly show that WMRS is highly sensitive and can distinguish between cell types that are morphologically and chemically closely related. Thus the further development of WMRS is likely to achieve completely label-free methods to identify complex immune cell subsets.
